B
ilirubin is an oxidative end product of heme catabolism. A significant amount of bilirubin is produced every day (250-400 mg in adult humans), primarily from breakdown of hemoglobin. This is ordinarily removed from the body by the liver, which excretes it into the bile. Failure of this process results in the accumulation of this yellow pigment and jaundice. Bilirubin is very hydrophobic and in chronic jaundice it accumulates in the CNS, resulting in neurotoxicity that can progress to potentially fatal encephalopathy.
The pathway for clearance of this toxic product is relatively well defined (Fig. 1 A; refs. 1 and 2). In the circulation, bilirubin is bound noncovalently to serum albumin. Free bilirubin enters the liver via the sinusoidal surface of the hepatocytes by facilitated diffusion, which is mediated by the organic anion transporter SLC21A6 (3) . Although this transport is bidirectional, binding to cytosolic ligandin, a homodimer or heterodimer of glutathione S-transferase (GST)A1 and GSTA2, reduces efflux and increases net uptake. Bilirubin is glucuronidated in the endoplasmic reticulum by a specific bilirubin UDP-glucuronosyltransferase (UGT1A1). Complete loss of UGT1A1 function in the type 1 form of Crigler-Najjar syndrome results in severe hyperbilirubinemia that is fatal unless treated by liver transplantation (4) . Bilirubin diglucuronide is secreted across the bilecanalicular membrane of the hepatocyte by an active transporter, MRP2 (multidrug resistance-associated protein 2, also known as cMOAT or ABC-C2). Abnormalities of excretion of conjugated bilirubin due to the loss of function of MRP2 result in DubinJohnson syndrome, which is characterized by accumulation of the glucuronidated product (5) .
It has long been known that phenobarbital (PB), a well studied inducer of drug metabolism, can increase bilirubin-conjugating activity and decrease elevated bilirubin levels in humans (6, 7) .
Results with knockout mice demonstrate that the nuclear hormone receptor constitutive androstane receptor (CAR, NR1I3) mediates the response of the liver to specific xenobiotics, particularly PB and other ''PB-like'' inducers (8) . Thus, we hypothesized that CAR plays an important role in bilirubin metabolism. Results with wild-type and CAR knockout mice support this hypothesis by confirming that CAR can activate expression of five known components of the bilirubin pathway. In wild-type but not knockout mice, activation of CAR results in increased clearance of an acute dose of bilirubin. Bilirubin can induce its own conjugation (9, 10) , and this response is also lost in the CAR knockout animals, which show defective clearance of chronically elevated bilirubin levels. Unexpectedly, CAR expression is low in neonatal mice and humans. We suggest that this functional deficit may contribute to neonatal jaundice.
Materials and Methods
Animals and Treatments. Mice were housed in a pathogen-free animal facility under a standard 12-h light͞dark cycle. Mice were fed standard rodent chow and water ad libitum or given water containing 0.1 mg͞ml phenylhydrazine in aluminum foilwrapped bottles. The drug-containing water was changed every 2 days. After 30 days, blood was collected and transferred to T-MGA tubes (Terumo Medical Corporation, Elkton, MD) and serum was prepared by centrifugation at 1,200 ϫ g for 10 min. Mice were injected via the tail vein with bilirubin (10 mg͞kg) dissolved in an isotonic solution containing 0.5 g of Na 2 CO 3 and 0.52 g of NaCl per 100 ml. After 1 h, blood samples were collected, and bilirubin levels were determined by using total and directed bilirubin kits (Sigma).
The albumin promoter was used to generate a transgene designed to direct expression of human CAR (hCAR) in the liver. This construct includes an intron from ␤-globin and a polyadenylation site from bovine growth hormone to promote expression and is analogous to that used previously to generate mice expressing only human pregnane X receptor (PXR) (11) . The hCAR transgenic line was crossed with CAR nulls, resulting in mice expressing hCAR but not murine CAR (mCAR) in the liver as described (12) .
AC-3Ј and 5Ј-CTGAATCTTGAAAGCCTTCC-3Ј), GSTA2 (5Ј-AGA AGGAGTGGCGGATCTGG-3Ј and 5Ј-TATC-CGAGGAAGTGATCATG-3Ј), CAR (5Ј-CCGCCTCTAGAT-GGAGGACGCAGTCCAT-3Ј and 5Ј-CGCGCGGATCCTGT-TCAGCATTTCATTGCC-3Ј), and PXR (5Ј-CCGCCTCTAG-AAGCTACAGCTGCATAAGG-3Ј and 5Ј-CCGCCGGATCC-TTAACTCATAGGCCAGCAC-3Ј). A single blot was hybridized sequentially with the different probes.
Mouse primary hepatocytes were prepared and maintained in William's E defined medium (Invitrogen) supplemented with 10 g/ml insulin (Sigma)͞10 g/ml transferrin (Sigma)͞25 ng/ml epidermal growth factor (Collaborative Research)͞25 g/ml gentamycin͞100 nM somatotropin (Sigma)͞1 M dexamethasone (Sigma). Twenty-four hours after isolation, cells were treated with 100 M bilirubin for various times. Bilirubin was initially dissolved in a small volume of 0.1 M NaOH and adjusted to the desired final concentration with sterile PBS (pH 7.4). Bilirubin solutions were freshly prepared under low-light conditions for each experiment.
For studies of CAR expression in humans, neonatal tissues were normal livers from autopsies of 1-, 3-, and 8-week-old individuals. One adult liver sample was obtained surgically from a normal liver; the two others were from autopsies. Samples were obtained by R.G. under appropriate guidelines as described (13) . Equivalent amounts of total RNA extracted from the liver tissue were pooled, and 10 g of each sample was used for Northern blotting by using an hCARspecific cDNA probe from the ligand-binding domain. The same blot was reprobed with ␤-actin as loading control.
Protein Analysis. Primary mouse hepatocytes were prepared and maintained in control medium. After 24 h, 1 mM PB or 100 M bilirubin was added, and cells were incubated for an additional 3 h. Cells were collected, and nuclear extract was prepared as described (14) . Protein (20 g) was fractionated on a 10% polyacrylamide gel and immunoblotted with an mCAR antibody generously provided by Masahiko Negishi (14) . Western blotting was done by using the ECL kit from Amersham Pharmacia.
For expression of hCAR, extracts were prepared from the three human neonatal and adult liver samples, and equivalent amounts were pooled. Fifty micrograms of each pooled sample was fractionated on 10% polyacrylamide gel and immunoblotted with an hCAR antibody generated by Quality Controlled Biochemical (Camarillo, CA) using the hCAR peptide QRDEI-DQLQEEMALTLQSYIK. The same blot was stripped and then immunoblotted with actin monoclonal antibody (1:1,000, Santa Cruz Biotechnology).
Transfections. HepG2 cells were plated into 24-well dishes with DMEM supplemented with 10% charcoal-stripped serum. Transfections used Fugene 6 reagent according to manufacturer instructions with 100 ng of pCMX-Gal4-mCAR-LBD or pCMX-Gal4 as control, 300 ng of pG5E1b luciferase reporter, and 100 ng of pSV2-␤-galactosidase as internal control for transfection efficiency. Twelve hours after transfection, different concentrations of bilirubin were added and incubated for an additional 24 h.
Results

CAR Activation of the Bilirubin-Clearance Pathway.
To test the potential role of CAR in bilirubin clearance, we examined the response of the genes encoding the known components of the clearance pathway diagrammed in Fig. 1A to the potent CAR agonist 1,4-bis-[2-(3,5-dichloropyridyloxy)]benzene (TCPOBOP) in wild-type and CAR null animals. CAR is sequestered in the cytoplasm of hepatocytes under normal conditions (15) , and loss of CAR function did not affect basal expression. However, TCPOBOP induced expression of each of five known components of the bilirubin-clearance pathway in the livers of wild-type but not CAR-deficient mice (Fig. 1B) . The induction of UGT1A1, GSTA1, and MRP2 by TCPOBOP is generally consistent with both recent reports identifying them as primary CAR targets (16) (17) (18) and the accompanying paper by Xie et al. (19) . The 2-to 3-fold response of SLC21A6 to TCPOBOP observed in several experiments contrasts with a report that SLC21A6 expression is not altered in PB-treated rats (20) . In additional studies, PB treatment resulted in a limited response of this gene in some but not all mice examined (data not shown). We conclude that CAR can activate expression of the genes known to be involved in the bilirubin-clearance pathway.
To examine the role of CAR in the reported ability of bilirubin to induce its own glucuronidation (9, 10), we exposed mouse primary hepatocytes from either wild-type or CAR knockout animals to bilirubin for different times. SLC21A6, UGT1A1, and MRP2 mRNAs were clearly increased by bilirubin treatment in the wild-type but not CAR knockout cells, indicating that CAR is required for this response (Fig. 1C) . Markedly elevated basal level of GSTA1 and GSTA2 expression in the primary hepatocytes relative to livers may have masked their responses to bilirubin.
In contrast to these effects, transient transfection experiments using either full-length CAR or a fusion protein containing the CAR ligand-binding domain and the Gal4 DNA-binding domain showed no responses to bilirubin, biliverdin, or related compounds ( Fig. 2A and data not shown) . Similar results were obtained with Gal4 fusions to the ligand-binding domains of PXR and a number of other nuclear hormone receptors (data not shown), suggesting that bilirubin is not an agonist ligand for CAR or any of these other receptors. This lack of response is not due to failure of these compounds to get into the cells, because similar approaches have shown that bilirubin can directly activate the aryl hydrocarbon receptor (21, 22) .
Similar to bilirubin, PB also shows no evidence of direct binding to CAR (14, 23) . Instead, it is thought that PB causes translocation of CAR from the hepatocyte cytoplasm to the nucleus (15, 24) , where its constitutive activity is responsible for the response of appropriate target genes. Thus, we tested the ability of bilirubin to induce nuclear translocation of CAR in primary hepatocytes. As shown in Fig. 2B , treatment with PB or bilirubin resulted in comparable levels of CAR accumulation in the nucleus. We conclude that bilirubin is an endogenous activator of CAR, although apparently not a direct agonist ligand, and can induce the expression of essential genes involved in its own clearance.
Defects in Acute and Chronic Bilirubin Clearance in CAR Null Mice. To test the functional role of CAR in bilirubin metabolism, we injected wild-type or CAR null mice pretreated with PB, TCPOBOP, or vehicle for 3 days with a single bolus of bilirubin. Mice have a high capacity to eliminate circulating bilirubin, and Ϸ90% of the bilirubin dose was cleared in the control-treated wild-type animals in 1 h. However, even this high rate of clearance was increased markedly by pretreatment with PB or TCPOBOP, resulting in an Ϸ3-to 5-fold lower level of residual total serum bilirubin (Fig. 3A) . As expected from the geneexpression results, the inducers had no effect on clearance of this acute bilirubin dose in the knockout animals.
To study the effect of loss of CAR on chronically elevated bilirubin levels, we induced hemolytic anemia, one of the major causes of hyperbilirubinemia in humans, by adding phenylhydrazine (0.1 mg͞ml) to the drinking water of wild-type or CAR null mice. Phenylhydrazine increases the rate of breakdown of erythrocytes and increases the bilirubin level in plasma (25) . As predicted, this treatment increased levels of serum bilirubin in the wild-type mice, and these levels were strikingly elevated in the CAR knockout mice (Fig. 3B) . Serial tail-vein injections of bilirubin into individual mice also resulted in higher plasma bilirubin accumulation in the CAR-deficient mice (data not shown), indicating that the observed differences between the wild-type and knockout animals are due to changes in bilirubin levels, and not secondary effects of phenylhydrazine or anemia.
To explore the basis for this defective response to a chronic bilirubin challenge, the expression of the components of the bilirubin-clearance pathway was examined. As expected, UGT1A1 expression was increased in wild-type but not CAR knockout mice treated with phenylhydrazine (Fig. 3C) . GSTA1 was also induced in these animals, and expression of SLC21A6 and MRP2 was slightly increased (data not shown). Together, these results demonstrate that activation of CAR increases the rate of bilirubin clearance and that loss of CAR function results in a defect in clearance of chronically elevated bilirubin.
hCAR Can Activate Bilirubin Clearance. The differences in response of the xenobiotic receptors in different species (8, 14, 23) raise the important question of whether the effects observed with mCAR can also be observed with hCAR. To test this, a line of transgenic (B) Mouse primary hepatocytes were cultured in a William's E defined medium for 24 h. PB (1 mM), bilirubin (100 M, Bili), or vehicle (Ϫ) was added, and the cells were cultured for an additional 3 h. Equal amounts of nuclear extracts were fractionated by SDS͞PAGE, and CAR levels in the nucleus were assayed by Western blotting with a previously described (15) CAR antibody.
mice expressing only hCAR in the liver was generated by using a construct based on the liver-specific albumin promoter ( Fig. 4A; ref.  12 ). hCAR-expressing animals were bred with the CAR null mice to produce a humanized line expressing only hCAR in the liver. These mice are analogous to a previously described line expressing human instead of mouse PXR (11) . Treatment of the CARhumanized animals with the general CAR activator PB increased clearance of bilirubin as expected (Fig. 4B) . As in the wild-type mice, PB treatment of these humanized mice also induced expression of UGT1A1, MRP2, SLC21A6, and GSTA1 (data not shown). In addition, treatment of primary hepatocytes from the humanized livers with bilirubin induced expression of UGT1A1 (Fig. 4C ). These results demonstrate that the responses observed with mouse CAR can also be observed with hCAR.
Decreased CAR Expression in Neonates.
Because bilirubin metabolism is particularly important in the neonatal period, the expression of CAR mRNA was examined in neonatal mouse livers (Fig.  5A) . In contrast to results with PXR (26) but in agreement with results with CAR in the fetal liver (27) , the amount of CAR mRNA was much lower in neonatal livers than adult livers.
To determine whether this decreased CAR expression is also observed in humans, we examined CAR mRNA and protein levels in three neonatal livers and three adult livers. CAR expression is markedly lower but not absent in the neonatal samples ( Fig. 5 B and C) . These initial studies are clearly consistent with the expression of mouse CAR, although it remains possible that CAR expression could have been increased in some adult individuals by activation of PXR (18) or the glucocorticoid receptor (28).
Discussion
The results described here demonstrate that CAR responds to elevated bilirubin levels by increasing the rate of bilirubin (10 mg͞kg) was injected into the tail veins of wild-type (ϩ͞ϩ) or CAR knockout (Ϫ͞Ϫ) animals (n ϭ 3) pretreated with PB, TCPOBOP (TC), or corn oil (CO) control for 3 days. Total serum bilirubin was measured at 60 min after the injection. At this time, Ϸ90% of the bilirubin measured 5 min after injection had been cleared in the untreated wild-type animals, but the remaining levels were significantly above those in animals not injected with bilirubin. Measurement of direct bilirubin showed that the majority (60 -70%) of this serum bilirubin is conjugated. (B) Total serum bilirubin was measured after incorporation of phenylhydrazine (0.1 mg͞ml, PHZ) (ϩ) into the drinking water of wild-type (ϩ͞ϩ) and CAR knockout (Ϫ͞Ϫ) animals (n ϭ 5) for 30 days. Controls (Ϫ) received the normal drinking water. Measurement of direct bilirubin showed very similar results, indicating that essentially all of this circulating bilirubin is conjugated. (C) Total liver RNA from the same mice was analyzed by Northern blotting using the indicated probes. clearance. This role of CAR is consistent with the well documented ability of PB to lower bilirubin levels in humans (4, 29, 30) , recent results indicating that UGT1A1, MRP2, and GSTA1 are primary CAR targets (16) (17) (18) , and the accompanying article by Xie et al. (19) demonstrating broader regulatory effects of CAR and PXR on expression of UGT isoforms.
The primary function of CAR in this pathway is to direct a coordinate response to elevated levels of bilirubin. Under normal conditions, CAR is sequestered in the cytoplasm and does not contribute to basal levels of bilirubin clearance. Thus, defects in bilirubin clearance are not observed in the CAR null mice until the appropriate stress is applied. This specific response of CAR to the stimulus of bilirubin excess is very similar to those observed with other nuclear receptors, for example the protective responses of PXR to elevated levels of toxic bile acids (31, 32) , or the liver X receptors to elevated levels of cholesterol (33) . However, it differs in that bilirubin is apparently not a direct agonist ligand for CAR. It is likely that the translocation induced by bilirubin is similar to that induced by PB (15, 24) , but the molecular basis for this process remains unclear.
Approximately 60% of infants are affected by icterus neonatorum or neonatal jaundice (34, 35) . This complex condition has many potential risk factors including hemolytic conditions, familial hyperbilirubinemia, decreased gestational age, and breastfeeding. In physiologic jaundice, serum bilirubin levels are elevated for up to 1 week after birth but decline to normal adult levels over the next few weeks. Hyperbilirubinemia is considered pathologic when serum levels exceed 17 mg͞dl (35) . In such cases, bilirubin can be deposited in the CNS, resulting in neurotoxicity and encephalopathy. Pathologic hyperbilirubinemia can be treated effectively by phototherapy or by exchange transfusion in severe cases. Until recently, these treatments had essentially eliminated kernicterus as a health problem in developed countries. However, the combination of the relaxation of the guidelines for treatment of hyperbilirubinemia (34) , an increase in the rate of breastfeeding, and decreases in the hospital stay and therefore monitoring of neonates has resulted in an increase in the incidence of this serious condition (36) (37) (38) . With recent results suggesting that the neurologic impact of relatively moderate hyperbilirubinemia may be more significant than thought previously (39) , the management of neonatal jaundice has become a controversial area with significant publichealth concerns (40) .
Physiologic neonatal jaundice is associated with both an increased rate of erythrocyte turnover (41) and low levels of bilirubin UDP glucuronosyltransferase activity (42) (43) (44) . The results described here suggest that decreased expression of CAR may account for the apparent failure of expression of UGT1A1 and other components of the pathway to increase in response to the increased demand. Thus, we propose that a functional deficit of CAR activity in neonates may contribute to the etiology of neonatal jaundice. Although it could clearly have pathologic consequences in some cases, it is an interesting possibility that the decreased CAR expression allows potentially beneficial effects of transient elevation of bilirubin, a potent antioxidant, in the neonate.
A significant question raised by the decreased neonatal CAR expression is the basis for the reported clinical effectiveness of PB treatment for neonatal jaundice (4, 29, 30) . There are several possible explanations, the simplest of which is that the residual CAR expression is sufficient to confer sufficient response to this potent activator. In humans, PB can also function as an agonist ligand for PXR. Such PXR activation could contribute to the effects of PB both directly via induction of UGT1A1 and other components of the clearance pathway and indirectly by increasing expression of CAR (18, 19) .
Because of its sedating effects, PB is not a desirable therapeutic approach for neonatal or other forms of jaundice. Although TCPOBOP is a potent and specific agonist of mCAR (23), analogous high-affinity ligands remain to be identified for hCAR. It is an exciting possibility that such potent activators of hCAR could have direct therapeutic applications in neonatal, acquired, and genetic forms of jaundice.
Note Added in Proof. J. M. Maglich et al. (45) have recently identified a specific human CAR agonist.
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